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The separation dependence of the interaction between two resonant groups of CdSe/ZnS nanocrys- 
tallite quantum dots is studied at room temperature. A near-field scanning optical microscope is 
used to bring a group of mono-disperse ~6.5 nm diameter nanocrystallite quantum dots which are 
attached to the microscope probe, into close proximity of ~8.5 nm diameter group of nanocrystallite 
quantum dots which are deposited on a solid immersion lens. Information extracted from photolu- 
minescence, photoluminescence excitation and absorption curves as well as numerical calculations 
of the energy levels, show that the third excited excitonic energy level of the large quantum dots 
nearly matches the ground excitonic energy level for the small quantum dots. Quenching of the 
small quantum dots photoluminescence signal has been observed as they approach the large quan- 
tum dots. On average, the separation between microscope probe and solid immersion lens changed 
in the 15-50 nm range. The transition probability between these two groups of quantum dots is 
calculated to be (2.60 x 10" 47 m 6 )/i? 6 , within the (0.70 x 10" 47 m 6 )/i? 6 - (11.0 x 10" 47 m 6 )/i? 6 ex- 
perimentally obtained range of transition probabilities. The Forster radius, as a signature of energy 
transfer efficiency, is experimentally found to be in the 14-22 nm range. 

PACS numbers: 78.67.Hc,78.66.Hf,07.79.Fc 



I. INTRODUCTION 

Advanced semiconductor technology starting in late 
1980s allowed for the fabrication of nanocrystallite quan- 
tum dots (NQDs), consisting of a few hundred to many 
thousand atoms^ of semiconductor materials producing 
a potential well for electrons and holes. NQDs are fabri- 
cated such that their diameters are smaller than the bulk 
Bohr exciton diameter, thus the electronic structure is 
dominated by quantum confinement effects in all three 
dimensions^] a nd is suited for the study of zerodimen- 
sional structures! 1 * 5 * 6 ! Colloidal NQDs, which are synthe- 
sized by relatively inexpensive wet chemistry methods, 
have high control in engineering the energy levels. This 
results in NQDs with strong size dependent optical and 
electrical properties. 1 In particular, CdSe NQDs can be 
synthesized with a tunable size of 15-100 A in a narrow 
distribution (< 5%rms dispersion).^ 

Emission properties of NQDs are often measured via 
photoluminescence (PL) experiments. In PL, excitonic 
states in the semiconductor material are induced by pho- 
ton absorption, and the optical emission as these excitons 
recombine analyzed. In Forster resonant energy transfer 
(FRET) an excited donor can transfer its energy directly 
(nonradiatively) to an acceptor via dipole-dipole interac- 
tion. The phenomenon of resonant energy transfer was 
observed by J. B. PerrirPSJ at the beginning of the 20th 
century, but it was Forster in the late 1940fP who pro- 
posed a theory describing long range molecular interac- 
tion by resonance energy transfer. Due to its strong sep- 
aration dependence, FRET has been used as a molecular 
ruler to determine inter- and intra-molecular distances! 1 ^ 
Since FRET represents a transfer of energy, it can be de- 
tected by measuring the quenching of donor emission or 
the enhancement of acceptor emission. This relationship 



of the transfer rate as a function of donor-acceptor sepa- 
ration was first demonstrated with peptides in 1963.^ 

Controlling the distance between the NQDs in real 
time has been a challenge faced by most groups study- 
ing the dynamic process of energy transfer between 
NQDsp2H22] -y^e use a near- field scanning optical mi- 
croscope (NSOM) to control the distance between two 
groups of NQDs in real time. In this experiment a group 
of core/shell CdSe/ZnS NQDs with external diameter of 
~ 6.5 nm, attached to the apex of the NSOM probe, 
are brought into close proximity to a second group of 
CdSe/ZnS NQDs with external diameter of ~ 8.5 nm, 
which are deposited on the flat part of a solid immersion 
lens (SIL). Both groups of NQDs are excited and the PL 
signal of the small NQDs is monitored to observe any 
changes. Using an Al-coated NSOM probe and diluting 
the NQDs helps to reduce the number of NQDs excited 
on the NSOM probe and SIL. 



II. EXPERIMENT 

A. Experimental setup 

An aperture NSOM has been designed and built to be 
used as a probe to excite a small number of core/shell 
NQDs (CdSe/ZnS). The main reason behind using a 
NSOM system was to first illuminate an area much 
smaller than what can be achieved in far field mi- 
croscopy by overcoming the diffraction limit by the size 
of probeJ22H2H Second, the NSOM system can be used 
to move one group of NQDs with respect to another, 
making the separation between them arbitrarily small by 
feedback schemes J22HH] Small NQDs are attached to the 
apex of a NSOM probe by dipping the probe into the 
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FIG. 1: Schematic of experimental setup including NSOM. 
Inset: Schematic of NSOM probe and SIL (not to scale) with 
small NQDs on the NSOM probe and large ones on the SIL. 
Distance between small and large NQDs changes by moving 
the NSOM probe toward and away from the SIL. PL signals 
of both groups of NQDs are collected on the CCD camera in 
the spectrometer. 



colloidal suspension of the NQDs, while large NQDs are 
diluted and deposited on the SIL by drop cast. All NQDs 
are covered by octadecylamine (ODA) ligands. The in- 
set to Fig. [3] schematically shows the probe's Al-coating 
precluding the excitation of the NQDs outside its apex. 

As it is shown in Fig. [I] the probe's vertical motion 
is controlled by a feedback loop system while its lateral 
motion is computer controlled. The amplified signal from 
the feedback loop system and the computer are applied 
to a 3-axis piezo stage. The NSOM probe is assembled 
on a tripod which sits on the piezo stage. The probe ap- 
proaches the flat side of a SIL through a hole on the SIL 
holder. While all the results reported in this paper were 
obtained at room temperature, the SIL holder also serves 
the purpose of cooling down the SIL as it is in thermal 
contact with the cryostat's cold finger. An argon laser 
(488nm line) has been used for optical excitation. To im- 
prove on the signal-to-noise ratio of the monitored signal, 
the laser light is chopped before being coupled into a sin- 
gle mode optical fiber. The use of the 2x2 fiber splitter, 
a Si photodiode and standard lock-in detection allows 
for continuous monitoring of the laser intensity coupled 
to the NSOM probe. After excitation of small and large 
dots on the NSOM probe and the SIL, photons released 
by these two groups of dots are collected through the SIL 
and two other objectives. They are then dispersed by a 
grating spectrometer and their energy is recorded on a 
charged-coupled device (CCD). 

As the NSOM probe is brought close to the SIL, a 
portion of the small NQDs' energy is expected to be 
transferred to the large NQDs and the PL signal of small 
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FIG. 2: Comparison of calculated energy levels, the ab- 
sorbance spectrum of large NQDs and PL of resonant NQDs. 
Vertical lines at 567 nm and 631 nm show numerically cal- 
culated third excited and ground state energy levels of large 
CdSe/ZnS NQDs with ~ 8.5 nm diameter. The fine line shows 
the absorbance spectrum of large CdSe/ZnS NQDs provided 
by N.N. Labs LLC. This absorbance spectrum shows that the 
large NQDs with 630 nm ground state energy has an excited 
energy level also at 570 nm. PL signals from small NQDs on 
the NSOM probe and large NQDs on the SIL excited by an 
argon laser (488nm) are shown in a thick line. The calculated 
third excited energy level and absorption spectrum of large 
NQDs at 570 nm matches the PL signal of the small NQDs. 



B. Measurement of the distance between small and 
large NQDs 

In the NSOM system, the amplitude of vibration of 
the NSOM coated fiber probe, glued to a vibrating tun- 
ing fork driven at resonance, has been used as an in- 
put for the feedback loop circuit PS This circuit controls 
the distance between the NSOM probe and SIL. The vi- 
brational amplitude of the NSOM probe decreases as it 
is driven towards the SILJ22H2U This amplitude damping 
has been used to measure the probe-SIL separation. To 
be able to measure this distance, the probe was engaged 
in close proximity of the SIL and then moved towards 
the SIL by decreasing the setpoint in the feedback loop 
system. As the probe approaches the SIL and its am- 
plitude decreases, the system reaches the point that its 
amplitude becomes unstable and the probe would break if 
moved any further. This point is assumed to be the con- 
tact point between the NSOM probe and the SIL. The 
separation is then increased by pulling back the probe 
by increasing the setpoint. Since the voltage applied to 
move the probe away from contact, as well as the dis- 
placement calibration of the piezo stage as a function of 



3 




520 540 560 580 600 620 640 660 680 700 

Wavelength (nm) 



FIG. 3: (Color online) PL signal of small and large NQDs 
as a function of separation between the NSOM probe and the 
SIL. The PL signal of small NQDs decreases as the separation 
between the two groups of NQDs decreases. The PL signal of 
small NQDs at left side from top to bottom corresponds to 
37, 35, 32, 30, 27, 23 and 18 nm separation between NSOM 
probe and SIL. Enhancement of large NQDs PL signal was 
not observed as a consequence of the deposition process of 
the large NQDs on the SIL, see Fig|4] 



voltage, are known, the separation between the NSOM 
probe and SIL can be obtained. Hence, in other experi- 
ments the voltage-separation calibration curve has been 
used to identify the distance between the small and large 
NQDs that are on the NSOM probe and SIL respectively. 



C. Resonant CdSe/ZnS NQDs 

Specific sizes of small and large NQDs are selected to 
have the excitonic ground state of the small CdSe/ZnS 
NQDs coincide with one of the excited states of the large 
CdSe/ZnS NQDs. This energy selection is accomplished 
by a numerical calculation of the energy levels, and veri- 
fied by PL, photoluminescence excitation (PLE), and ab- 
sorption experiments. PL measurements were used to 
study the energy structure of the NQDs by using the 
photon excitation and relaxation. It is shown in the the- 
ory section that when the PL signal of the large NQDs 
with ~ 8.5 nm diameter is observed at ~ 630nm, the 
calculated corresponding PL signal for resonant set of 
small NQDs should be at ~ 570nm, which corresponds 
to NQDs with ~ 6.5 nm diameter. Vertical lines in Fig. 
[2] show the calculated third excited and ground state en- 
ergy levels of large NQDs at 567nm and 631nm. To find a 
resonant pair of NQDs, PL signals of various NQDs have 
been studied. As it is shown in Fig. [2] by the absorbance 
spectrum for the large NQDs (provided by the NQDs 
distributer, N. N. Labs LLC.) there is an energy level at 
~ 570nm for the large NQDs with a ground energy level 



at ~ 630nm. This was confirmed by PLE experiments. 
The PLE graph, which is similar to the absorption graph, 
shows strong absorption at ~ 570nm with emission at 
~ 630nm. 



D. Resonant energy transfer between CdSe/ZnS 
NQDs as a function of separation 

Energy matched NQDs are used for the resonant en- 
ergy transfer experiments. The area of the PL signal 
of small NQDs is monitored for any change. The small 
NQDs on the NSOM probe are optically excited, and the 
induced excitons relax to their ground state recombin- 
ing and releasing a photon. These photons are collected 
through the SIL and sent to a spectrometer generating 
the high energy peak of the spectrum in Fig. [2] This same 
process also occurs with the large NQDs, generating the 
low energy peak of the spectrum in Fig. [2] As NQDs are 
brought into close proximity, a portion of the small NQDs 
energy would be expected to not be released through re- 
combination and transferred to the large NQDs. This 
interaction, associated to the non-radiative energy trans- 
fer from the ground state of the small NQDs to the third 
excited state of the large NQDs, becomes increasingly 
more important as the separation between the NSOM 
probe and the SIL decreases pi within the near-field re- 
gion. Furthermore, since the intradot relaxation time is 
very fastP^H in the subpicosecond to picosecond range, 
energy transfer from the large NQDs to the small ones is 
precluded. 

The separation induced quenching of the small NQDs 
signal is a clear signature of interaction between two 
groups of resonant NQDs. Quenching of the small NQDs 
PL signal is shown in Fig. [3] The small NQDs PL signal 
decreases as a function of separation: the area under the 
PL signal decreases in the 15286, 15026, 14846, 14740, 
14496, 14352 and 14006 sequence fpr corresponding sep- 
arations of 37, 35, 32, 30, 27, 23 and 18 nm respectively. 
Each PL spectrum in this experiment was integrated over 
120 seconds. 

The corresponding enhancement in the large NQDs 
PL signal was not observed as the number of NQDs on 
the SIL were not under control. As a consequence of 
the deposition process of the large NQDs on the SIL, 
many NQDs agglomerate. Lowering the concentration 
of large NQDs on the 2.5 mm wide SIL did not prevent 
their agglomeration. This packed ensemble of monodis- 
persed large NQDs allows energy transfer between similar 
size neighboring large NQDs, beyond the area above the 
NSOM probe. Hence, numerous large NQDs get excited, 
as observed in the spectrometer images. The spectrom- 
eter images in Fig. [4] show that large NQDs are excited 
beyond the area above the NSOM probe, strongly sug- 
gesting that neighboring NQDs transfer energy to each 
other. Consequently, the area under the PL signal of 
large NQDs is mostly constant. 

Figure [5] shows the reduction of the PL signal of the 
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FIG. 4: (Color online) a, b) Images of small NQDs on the 
NSOM probe and large NQDs on the SIL are collected by the 
spectrometer. These images show the distribution of photons 
as a function of energy on vertical axes. The horizontal axes 
show the spatial distribution of NQDs. All axes are labeled 
by their pixel number, c-f) Horizontal and vertical cross cuts 
from images a and b are shown on the top and right side of 
each image, c) Horizontal cross cut of image a shows that 
small NQDs are clearly confined to the NSOM probe apex 
area (around pixel number 600). d) Horizontal cross cut of 
image b shows that large NQDs are excited beyond the exci- 
tation area of NSOM probe on the SIL (around pixel number 
1200). e, f) Vertical cross cuts show the spectrum as function 
of energy. 



on the NSOM probe and the SIL. After this separation 
the PL signal of the small NQDs remains constant. The 
Difference between this contact point and the sum of the 
diameters of the two NQDs (~ 15 nm) could be partially 
due to the existence of 2.5 nm long and tightly bounded 
ODA ligands on the outer shell of NQDs which prevent 
full contact of NQDs .EZEH This separation is interpreted 
as a zeroth of the FRET spectroscopic ruler. 

In addition the experiment was done without the large 
NQDs on the SIL and only keeping the small NQDs on 
the NSOM probe. The PL signal of the small NQDs 
does not change as the probe approaches the clean SIL, 
as shown in Fig. [6] On the other hand, the triangle points 
in Fig. [6] show the quenching of the small NQDs PL sig- 
nal when both groups of small and large resonant NQDs 
were present. To further enhance the argument that the 
change of PL signal in small NQDs is due to FRET, non- 
resonant small and large NQDs were brought close to- 
gether. No quenching in the small NQDs PL signal was 
observed as it is shown by the circles in Fig. 6. Small 
size NQDs were chosen to have difference ground energy 
level than any levels of the large NQDs. 




Distance (nm) 

FIG. 5: Area under the small NQDs PL signal as a function 
of separation between the NSOM probe and the SIL. These 
areas have been normalized by the large NQDs signal areas. 
Experiment has been repeated 5 times for each point and the 
standard errors have been used to calculate the error bars. 



small NQDs as a function of separation between the 
NSOM probe and SIL. In this figure the area under the 
PL signal of small NQDs has been normalized to the area 
of the large NQDs PL signal. This last normalization 
process is undertaken to cancel out small fluctuations as- 
sociated with the laser intensity. As it is shown in the 
figure, when the separation reaches ^20 nm, the decrease 
in PL signal from the small NQDs stops, which is believed 
to be the contact point between the two groups of NQDs 



III. THEORY 
A. Energy levels of the CdSe/ZnS 

Single band effective mass approximatiorpSMU nas 
been used to study the excitonic energy levels of NQDs. 
This process helped us choose the right resonant NQDs 
for the experiment. This numerical calculation showed 
us that a large CdSe/ZnS with core radius of 3.7 nm 
and shell radius of 4.25 nm with ground energy level of 
3.135 x 10 -19 J (631 nm) has its third excited energy 
level at 3.486 x 10~ 19 J (567 nm). This makes it reso- 
nant with a small CdSe/ZnS with outer radius of 3.25 
nm with a ground energy level emission at 570 nm. In 
this calculation, the presence of ODA ligands on NQDs 
does not change the energy levels. 

The analysis is first restricted to the strong confine- 
ment regime where the Coulomb interaction between par- 
ticles is neglected in comparison to the confinement en- 
ergy. At the core-shell boundary (r = r c ) the co ntinu ity 



of the wavefunction and the probability current 
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well as the boundary condition on the wavefunction at 
shell-vacuum boundary of the NQDs (assumed to be im- 
mersed in vacuum) yield the energy levels of the free par- 
ticles (electrons and holes) . The shell radius of the NQDs 
r s is obtained from small angle X-ray diffraction scatter- 
ing. Knowing r s , the core radius r c can be adjusted to 
change the ground energy level of the calculation, which 
is then used to find other energy levels. 

Later the electron-hole Coulomb interaction energy 
is considered a correction to the total Hamiltonian. 
This last term is small and is treated as a Helium- 
like perturbation^ for the electron and hole energy of 
the system. At this point, by adjusting r c , the ground 
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FIG. 6: (Color online) PL signals of small NQDs while they 
are interacting with resonant large NQDs (triangles, data 
shifted up for clarity) show quenching as the NSOM probe 
approaches the SIL. PL signals of small NQDs when there 
are no large NQDs on the SIL (squares) do not show any 
changes as NSOM probe approaches the SIL. PL signals of 
small NQDs in the presence of non-resonance large NQDs do 
not show any changes (circles, data shifted for clarity). All 
PL signals have been normalized to laser intensity. Each ex- 
periment has been repeated 5 times for each point and the 
standard errors have been used to calculate the error bars. 



state energy due to strong confinement and electron hole 
Coulomb interaction correction can be calculated and 
compared to the observed PL peak of the NQDs. Match- 
ing the calculated energy of the ground state and the 
observed PL peak leads us to choose the right r c . For 
r c = 3.7 nm and r s = 4.25 nm the first four energy levels 
and their Coulomb correction are shown in Table |TJ The 
calculated excited energy levels are compared to the ab- 
sorption peaks of the dots, showing very good agreement . 



Dipole-dipole interaction and resonant energy 
transfer 



The energy of any charge distribution in the presence of 
other charge distributions and external electrical poten- 
tial can be obtained by a multipolar expansion.SZl Since 
both NQDs are neutral, the first term which survives is 
the dipole-dipole interaction energy, due to the dipolar 
electric field of one of the excitons, interacting with the 
other NQDs exciton's dipole. 

This energy of interaction between electric multipoles 
may be found by expanding the Coulomb interaction. 
First consider two charge distributions, 1 and 2, centered 
at 0\ and O2 respectively with coordinate axes chosen 
to be parallel. The distance between these two origins 
is defined as R which makes an angle 9 with the z axis 



of the first charge distribution. The separation between 
two elements, i and j, of these two charge distributions is 
defined as . By expanding this distance into spherical 
h armon ics, the electrostatic interaction can be written 
aPEH 
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For the case of interaction between two NQDs, i is the 
charge distribution of the first NQD and j belongs to 
the second NQD. When the ground state of the small 
NQD [t e = Q,£h = 0) is in resonance with the third 
excited state of the large NQD (£ e — l,£h = 1), the 
emission peak of the small NQD overlaps with the fourth 
absorption peak of the large NQD. Both of these states 
are optically active due to the P symmetry in the valence 
band. 

We have used Eqs. ([lj and (|2l to calculate the tran- 



sition rale H = ^| < V 12 > fpPHSS < y 12 > is the 
Coulomb potential energy between the small and large 
NQDs and p is the normalized overlap between donor 
emission and acceptor absorption spectraP^Hil] From this 
equation, the transition probabilities P — Wt are ob- 
tained, with r the donor's lifetime. Since the exciton 
at the ground state on the small NQDs recombines af- 
ter r, the energy transfer between two resonant NQDs 
happens in times shorter than r. The overall initial 
wavefunction is the multiplication of the wavefunction 
of the exciton (electron-hole pair) at its ground state 
in the small NQD by the wavefunction of no exciton 
in the large NQD (which is equivalent to have an elec- 
tron and hole both in the first excited energy level in 
the valence band of the large NQD). Similarly the over- 
all final wavefunction is considered to be the product of 
the wavefunction of no exciton in the small NQD by the 
wavefunction of an exciton at the third excited energy 
state in the large NQD. Fig. [7] shows the initial and fi- 
nal states considered. Using these initial and final states, 



< V u > - 



1.19x10" 



J is obtained. Here the normal- 



ized overlap between donor's emission and acceptor's ab- 
sorption, p — 3.09 x 10 19 , obtained from the experimen- 
tal data, has been used. Hence, the transition rate is: 

W = T < Vl2 >2 P = ( 2 - 60 x ±0~ 3SE f )/r 6 and the 
transition probability is P — Wt — (2.60 x 10~ 47 m 6 )/r 6 
by considering r = 1 nanosecond. Radiative lifetime of 



6 



TABLE I: Table of calculated confinement energy levels and Coulomb correction terms for CdSe/ZnS NQDs with r c =3.7 nm 
and r s =4.25 nm. i e and th are quantum numbers of electrons and holes inside the NQDs. The last column is the calculated 
wavelength for the excitonic recombination. In addition to effective masses and band gap, the conduction bands offset between 
CdSe and ZnS were used for these calculations P^HSl 
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FIG. 7: Initial and final states of combination of small and 
large NQDs before and after the energy transfer. In the initial 
state, the small NQD exciton is in its ground state and no 
exciton exists in the large NQD. In the final state, there is no 
exciton in the small NQD and the large NQD exciton is in its 
third excited state. 
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CdSe or CdSe/ZnS has been measured or calculated to 
be in the ra nge of few nanoseconds up to several tens of 
nanoseconds pHHHH 



IV. DISCUSSION 

Data similar to those reported in Fig. [3] have been 
used to derive the transition probability of the resonant 
energy transfer between these two groups of NQDs. The 
procedure to obtain the transition probability is given by 



P 



A(oo) - A(r) 



(3) 



where A(r) is the normalized area of the PL signal of 
the small NQDs at a separation r and A(oo) is the cor- 
responding one at an infinite separation, when there is 
no interaction between the small and large dots. Equa- 
tion Q represents the fact that as the two groups of 
NQDs get closer the dipole-dipole interaction increases 
and the probability of resonant energy transfer increases. 
Hence, the normalized PL signal of the small NQDs de- 
creases proportionally to the square of the strength of 
the interaction. In the experimental case A(oo) has been 
selected at the distance when the interaction is the small- 
est, i.e. the largest experimentally accessible separation 
between groups of NQDs. Since the PL signal of small 



FIG. 8: (Color online) Transition probability from 4 different 
experiments and theoretical calculation as a function of sepa- 
ration. The vertical axis represents the transition probability, 
obtained by subtracting the normalized small NQDs PL signal 
at the farthest experimental point from the normalized small 
NQDs PL at measurement point, divided by the normalized 
PL signal at the farthest distance. The solid line shows the 
theoretical value for the transition probability calculated in 
section III-B using a dipole-dipole approximation. 



NQDs cannot be collected when they are very far away 
from the SIL, a position where the PL signal from small 
NQDs is completely collected has to be used as a refer- 
ence. Furthermore, the feedback interaction between the 
NSOM probe and the SIL happens over ~ 50 nm, which 
limits the point for the largest separation to about this 
value. As an example, for the experiment that Fig. [5] 
was extracted, this distance is 37 nm. 

Figure [8] shows the transition probability for four ex- 
perimental sets. The theoretical value for the transition 
probability (2.60 x 10 -47 m 6 /r 6 ) is also shown in the fig- 
ure. 

The transition probability also provides the Forster 
radius a s it i s represented by R a in the Forster rate 
equationJ^Hmm By comparing (R Q /r) 6 from the Forster 
rate equation and its equivalent experimental transition 
probability, the Forster radius is calculated to be in the 
14-22 nm range. From the theoretically calculated tran- 
sition probability, R a radius is extracted to be 17 nm. 
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A F orster radius of 4.7 nm was obtained by C. Kagan 
et a?! 13 * 14 * using differently sized CdSe NQDs and cap- 
ping ligands, under a closed packed mixture of two sizes 
of NQDs. In our experiment the measurement is be- 
tween small and large NQDs that are isolated from each 
other, while in Ref. [13, 14] it is between mixed small 
and large NQDs. The authors of Ref. [13, 14] have used 
spectral overlap of donor emission and acceptor absorp- 
tion integral to measure Forster radius. C. Kagan et al. 

sho w 13 | 14 | 66 | 

flgoc^J I™ F D (v)e A {v)% (4) 
n Jo v 

v is the frequency, is the donor luminescence quantum 
yield, and n is the effective index of refraction. Fjj{y) 
is the normalized spectrum for the donor and £aW) i s 
the molar extinction coefficient for acceptors absorption. 
The authors used a random closed packed mixture of 
NQDs with organic caps filling interstices and considered 
the volume weighted average of the index of refraction of 
CdSe (n = 2.58) and organic caps (n = 1.47) as an ef- 
fective index of refraction. In our experiment, isolating 
small NQDs from large NQDs would make n smaller in 
comparison to these works because of the presence of air 
between the interacting NQDs. This screeningeffect has 
been discussed previously in similar systems.^ Using n, 
spectral overlap and fu under our experimental condi- 
tion would bring the Forster radius obtained from Ref. 
[13, 14] in close agreement with our data. By consider- 
ing the parameters for L. Guo et al. workp&l a similar 
conclusion can be obtained. 



V. CONCLUSION 

In conclusion, resonant energy transfer between two 
groups of CdSe/ZnS as a function of separation has been 
observed directly from the PL signal of small NQDs. 
Small CdSe/ZnS NQDs on the apex of the NSOM probe 
were brought into close proximity to the resonant large 
NQDs on the SIL and both groups of NQDs were opti- 
cally excited. As the third excited state energy level of 
large NQDs is the closest energy level to the ground state 



energy level of the small NQDs, some fraction of the en- 
ergy was transferred from small NQDs to the large NQDs 
before recombination took place in the small NQDs. Fig- 
ure [8] indicates that the interaction between resonant 
NQDs could be a dipole-dipole interaction. Within the 
experimental resolution, this energy transfer is compat- 
ible with a dipole active one and depends on distance 
as dipole-dipole interaction (oc -t). In the future, more 
work will be needed to isolate a single small NQD on the 
NSOM probe and a single large NQD on the SIL. 

In all experiments, the small PL signal reaches a point 
that the quenching stops and the PL signal becomes con- 
stant, which seems to correspond to the contact point of 
the small and large NQDs as they get close enough to 
each other. For all of the experiments this contact point 
is ~ 20 nm, comparable to the sum of the size of the two 
NQDs diameters of ~ 15 nm. This difference is mostly 
due to the presence of the 2.5 nm long, tightly bounded 
ODA ligands on the NQDs. 

The experimental transition probability between ~6.5 
nm and ~8.5 nm diameter CdSe/ZnS NQDs is mea- 
sured in the range of (0.7 x 10 _47 m 6 )/r 6 — (11.0 x 
10~ 47 m 6 )/r 6 , while the theoretically calculated value is 
(2.60 x 10~ 47 TO 6 /r 6 ). Figure |] indicates that the inter- 
action between resonant NQDs could be a dipole-dipole 
interaction. More precise data is needed for obtaining a 
better fitting. Comparison of the Forster radius from our 
experiment, 14-22 nm, with the distance between NSOM 
probe and SIL, (15-50 nm), shows that coupling between 
NQDs is a near-neighbor interaction. 
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